Purpose To assess ranibizumab (Lucentis) penetration into the retina after topical administration in a rabbit model. Methods Ranibizumab was topically applied to the right eye of rabbits according to three regimens: every 2 h (q2hr), four times daily (qid), and twice daily (bid). Intraocular penetration of ranibizumab was assessed at 3, 7, 14, 21, and 28 days following initiation of drops. At each time point, the anterior chambers, vitreous cavities, and blood of one of the rabbits from each subgroup were sampled for ranibizumab detection using enzyme-linked immunosorbent assay (ELISA), and both eyes were then enucleated for ranibizumab detection in the retina by confocal immunohistochemistry (CI). Another group of rabbits received intravitreal ranibizumab and was similarly sampled for comparison. Results CI showed ranibizumab staining in the right retina after 7 and 14 days of q2hr topical administration in two out of four experiments. No ranibizumab was detected in the left retina at any of the sampling time points. ELISA was positive in the vitreous of the right eye at 14 and 21 days in the q2hr treated rabbits in one out of four experiments. No ranibizumab was detected in the qid and bid subgroups. CI and ELISA of the aqueous and vitreous were consistently positive in the intravitreal group. Mild ranibizumab levels were detected in the blood in both the topical and intravitreal groups. Conclusions Topically applied ranibizumab can be detected in the retina following high-frequency administration in a rabbit model. A trans-scleral route of penetration is suggested.
Introduction
The outlook for retaining vision in neovascular age-related macular degeneration (NVAMD) has been greatly improved by the development of the anti-vascular endothelial growth factor (VEGF) therapies, such as ranibizumab (Lucentis) and bevacizumab (Avastin) 1 (Genentech, Inc., South San Francisco, CA, USA). Ranibizumab is an engineered humanized monoclonal antibody fragment (48 kDa) that binds and interferes with VEGF function. Avastin is a whole antibody molecule (149 kDa) against VEGF. Both molecules have been shown to bind VEGF and inhibit new vessel growth, and therefore are effective treatments for neovascularization in NVAMD 2 and also clinically significant macular edema seen in diabetic retinopathy. 3 However, these anti-VEGF therapies are currently administered by intravitreal injection, often requiring monthly injections for extended periods of time resulting in a significant cumulative risk of endophthalmitis. [4] [5] [6] [7] Therefore, alternative methods of administering these medications have been a recent focus of research. [8] [9] [10] Administration of a topical medication in the form of eye drops would substantially decrease the ocular risks and discomfort associated with the current intravitreal route, but topical penetration into the eye is limited primarily by the relative impermeability of the cornea, especially against larger molecules.
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Bevacizumab, which is more than threefold larger than ranibizumab, has been shown to penetrate into the posterior segment of the eye after subconjunctival injection, but has minimal penetration to the eye when applied topically in a rabbit model. 10 Previous studies using engineered antibody fragments demonstrated penetration into the vitreous with a topically applied 28 kDa antibody fragment and penetration into the anterior chamber with a 67 kDa antibody fragment in a rabbit model. 12, 13 Other recent studies have demonstrated that a 26 kDa anti-TNF-a single-chain antibody, which has anti-inflammatory properties, was able to reach the retina with topical administration. 14, 15 Moreover, these studies showed that penetration into animal and human eyes via topical application was independent of penetration enhancers and that the applied antibody fragments were resistant to ocular proteases. 15 These studies suggest the feasibility of topical administration of antibody fragments for retinal disease, but there have been no published studies evaluating the potential for topical ranibizumab to penetrate to the retina. Using a rabbit model, this study assesses the ocular penetration of topically applied ranibizumab in an effort to elucidate its potential use for the treatment of VEGF-triggered retinal diseases.
Materials and methods

Treatment groups
Ranibizumab eye drops (25 ml) were applied to the right eye of rabbits (topical group) according to three regimens of application: every 2 h for 12 h daily (q2hr), four times daily (qid), and twice daily (bid). Five rabbits were included in each subgroup. Intraocular penetration of the drug was assessed at 3, 7, 14, 21, and 28 days following continuous topical application of ranibizumab at the above dosing regimens (Table 1) . At each time point, the anterior chamber and vitreous cavity of both eyes, in addition to the blood of one of the rabbits from each subgroup were sampled and analyzed by enzyme-linked immunosorbent assay (ELISA) for ranibizumab detection. The rabbit was then euthanized and both eyes were enucleated and evaluated with confocal immunohistochemistry (CI) to assess the penetration of ranibizumab into the retina. An additional rabbit for each treatment arm was given an intravitreal injection of 50 ml ranibizumab containing 0.05 mg into the right eye (intravitreal group) for comparison, and was similarly sampled for ELISA testing and enucleated at 28 days for confocal microscopy. The left eye of each rabbit in the topical and intravitreal groups was used as an internal negative control.
Sampling of animals
All the surgical procedures were performed under general anesthesia. The aqueous fluid was sampled through insertion of a 25-gauge needle on a tuberculin syringe into the inferior anterior chamber with aspiration of B200 ml of aqueous fluid. The vitreous fluid was sampled using a portable 3-port posterior vitrectomy device (Intrector, Insight Instruments, Inc., Stuart, FL, USA). The device was inserted into the vitreous cavity through the pars plana and B1 ml of vitreous was retrieved. A blood sample was also aspirated while the rabbits were under general anesthesia. The sampled rabbits were then euthanized and both eyes were enucleated and prepared for CI for ranibizumab detection.
Confocal immunohistochemistry
After enucleation, eyes were fixed in 4% paraformaldehyde at 4 1C for at least 2 days and then cryosectioned at 16 mm thickness. The rabbit eye tissue sections were then incubated with secondary antibody, Cy3-conjugated Fab2 fragment donkey anti-human IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), at 1 : 200 dilution in phosphate buffered saline (PBS) solution containing 0.1% Triton X-100 (PBT), for 2 h at room temperature or 4 1C overnight. For positive control, rabbit tissue was incubated with ranibizumab at 1 : 200 in PBT at 4 1C overnight before incubation with secondary antibody. To measure background autofluorescence, tissue was imaged without incubation with secondary antibody and used as the negative control. The left eye of each rabbit was also used as an internal negative control. Samples were mounted to slides in 90% glycerol/2.5% DABCO. Imaging was done with Nikon eclipse E800 confocal microscope (Nikon Inc., Melville, NY, USA) ( Â 10 and Â 40) and recorded with Perkin-Elmer software (Perkin-Elmer, Waltham, MA, USA).
Enzyme-linked immunosorbent assay
Qualitative ELISA was performed to measure ranibizumab levels. Wells were coated with VEGF at 1 mg/ml overnight before addition of sample. To measure systemic antibodies against ranibizumab (rabbit immune response against the humanized antibody fragment ranibizumab), wells were coated with ranibizumab at 1 mg/ml before adding serum. A volume of 100 ml solution containing 100 mg ranibizumab, and 100 ml PBS were used as the positive and negative control, respectively. A volume of 100 ml of sample was incubated in each well for 1 h at 37 1C. After incubation, plates were incubated with HRP-conjugated secondary antibody (Zymax goat anti-human IgG HRP at 1 : 5000; Invitrogen Corporation, Carlsbad, CA, USA) for 1 h at 37 1C.
2,2 0 -azino-bis(3-ethylbenzthiazoline-6-sulphonic acid; ABTS) solution was used for detection and optical density was read at 414 nm. The optical density was considered strongly positive if above 1, positive if 0.6-1, undetermined or weakly positive when between 0.3-0.5, and negative if o0.3. ELISA was able to consistently detect ranibizumab as low as 100 ng/ml and intermittently at 10 ng/ml.
Animal care
Throughout the experiment, systemic and ocular monitoring was performed to evaluate for potential ranibizumab side effects in the rabbits. With each topical ranibizumab application, rabbit eyes were examined for ocular reactions by the veterinarian technicians. In addition, the rabbit eyes were periodically examined using a portable slit lamp under anesthesia to evaluate for ocular side effects. The rabbits were also monitored for activity/signs of distress during and after anesthesia, including a charting of their vitals. The standard Genentech ranibizumab drug product was used in the experiments, which is a preservative-free 10 mg/ml ranibizumab aqueous solution with 10 mM histidine HCl, 10% a,a-trehalose dihydrate, 0.01% polysorbate 20, pH 5.5.
We certify that all applicable institutional and governmental regulations concerning the ethical use of animals were followed during this research.
Results
Confocal microscopy, q2hr topical group
In the first set of experiments, CI of the right eye of the q2hr topical subgroup showed significant ranibizumab penetration into the retina in two out of the five time points tested when compared with the negative control ( Figure 1 ). No ranibizumab signal was detected at 3 days of q2h application by confocal imaging (data not shown) or ELISA (please refer to ELISA results below, Figure 2 ). At 1 and 2 weeks of continuous q2h topical application, ranibizumab staining was noted in the retina (Figure 1 ). At 1 week, the staining was most prominent in the outer retina at the level of the photoreceptor layer whereas at 2 weeks the staining was more diffuse throughout the retinal thickness. Ranibizumab staining of the retina as seen by CI consistently disappeared by 3 weeks in all experiments performed despite continuous q2h topical application. This was associated with a reduction in the ranibizumab level detected by ELISA in the vitreous cavity, and with detection of rabbit antibodies against the humanized monoclonal antibody fragment ranibizumab by ELISA in the rabbit serum by 2 weeks (please refer to ELISA results below, Figure 2 ). Confocal imaging of the left eyes of all rabbits showed no ranibizumab detection at any of the sampling time points (Figure 1 ).
Reproducibility experiments with q2h ranibizumab application showed positive ranibizumab signal throughout the retina following 2 weeks of topical application in one out of three rabbits.
ELISA, q2hr topical group
ELISA was strongly positive in the vitreous chambers of the right eye of rabbits at 2 and 3 weeks (two out of the five time points tested) in the first set of q2hr treated rabbits ( Figure 2 ). The aqueous chamber of the right eye of the rabbit at 2 weeks of continuous q2h topical application showed low ranibizumab levels, but the aqueous at other time points was negative. Low levels of ranibizumab were detected in the blood by ELISA starting at 2 weeks. Finally, high levels of rabbit antibodies against ranibizumab were detected by ELISA in the serum by 2 weeks and their levels remained high after this time period. This was associated with a reduction in the ranibizumab level at later time points, despite continuous q2h topical application. ELISA testing of the left eyes of all rabbits showed no ranibizumab detection at any of the sampling time points except at 2 weeks where the signal detected in the vitreous humor of the left eye was exactly the same as in the right eye (Figure 2 ), which suggests an error in sample labeling.
Repeat experiments that included three rabbits did not show positive ELISA for ranibizumab in the aqueous and vitreous chambers, although the findings were reproducible for ranibizumab and rabbit antibodies against ranibizumab in the serum.
BID and QID topical groups
No significant amounts of ranibizumab were detected in the subgroups of rabbits receiving bid and qid ranibizumab drops either by confocal immunochemistry or by ELISA (Figure 3 ). Low levels of ranibizumab were detected in the serum as early as 3 days but the levels were variable at later time points. Rabbit antibodies against ranibizumab were consistently found in the serum beginning at 2 weeks, similar to what was noted in the q2hr ranibizumab application subgroup.
Intravitreal group
Intravitreal injection of ranibizumab into the right eye of each of three rabbits was performed for comparison. After 4 weeks intravitreal injection, confocal microscopy disclosed mild diffuse staining of ranibizumab throughout all the retinal layers ( Figure 4) . After 3 days intravitreal injection of ranibizumab, ELISA detected very high levels of ranibizumab in both the anterior chamber and the vitreous humor in the injected right eye of these rabbits, and also high levels of ranibizumab in the anterior chamber of the left eye and in the serum (Figure 4) . The left eye ranibizumab signal was no longer detectable by 1 week and the signal in the right eye and serum decreased during the course of the 4-week experiments especially by 2 weeks following the injection. Similar to the topical groups, high levels of rabbit antibodies against ranibizumab were detected by ELISA in the serum at 2 weeks (Figure 4) . The levels of the rabbit antibodies against ranibizumab remained high after this time period.
Complications
Ranibizumab eye drops were well tolerated and no signs of ocular or systemic toxicity were observed in any of the rabbits. One of the rabbits in the intravitreal group developed a conjunctival reaction that was successfully Staining is seen in all layers of the retina incubated with ranibizumab (top left panel) whereas the staining is more prominent in the inner retina of the rabbit eye that underwent intravitreal injection ranibizumab (top right panel, arrow). Mild background autofluorescence of the photoreceptor layer (arrow) can be seen in the negative control, but all other layers of the retina show no background (top middle panel). Middle panels show images of the right eye retina after 1, 2, and 3 weeks of q2h ranibizumab drops from left to right. Ranibizumab is detected in the right eye retina at 1 and 2 weeks. Note strong positivity at the level of the photoreceptor layer at 1 week (arrow). At 2 weeks, the signal in the outer retina decreases but it increases in the inner retina (arrow). Ranibizumab staining is no longer present in the right eye retina at 3 weeks. The bottom left panel shows the left eye retina of the same rabbit treated with topical ranibizumab q2h to the right eye for 1 week. The untreated left eye did not show ranibizumab staining. The bottom right panel shows the right eye 4 weeks after intravitreal injection of ranibizumab. OD denotes right eye, OS denotes left eye, and q2h denotes every 2 h Ranibizumab drops. Scale bar, 100 mm.
treated with a short course of a steroid/antibiotic ocular formulation.
Discussion
Confocal microscopy and ELISA findings in this study suggest that ranibizumab applied q2h may be able to penetrate into rabbit eyes. CI findings suggest that topical ranibizumab applied q2h may be able to reach the retina after 3-7 days of continuous administration, as indicated by the positive staining that was noted in the retina in the right eye at 7 and 14 days of q2h administration.
Entry through a trans-scleral route is the most likely route of entry to the posterior segment given the relatively large size of the ranibizumab molecule (48 kDa). Past studies indicate that molecules as large as whole antibodies (150 kDa) are permeable to the sclera. 16, 17 These larger molecules are thought to pass through the limbal conjunctival epithelium and then diffuse through the sclera, which is 15-25 times more permeable than the cornea. 17 Evidence for trans-scleral penetration to the posterior segment for smaller sized antibody fragments has been growing in recent literature. 14, 15 Three pieces of evidence in this experiment support a trans-scleral rather than a trans-corneal route of entry into the rabbit eye following q2h application. First, ranibizumab was detected in the retina by confocal microscopy 1 week before its detection in the aqueous and vitreous by ELISA, which occurred at 2 weeks with a 1-week lag. In addition, ranibizumab signal was lost from the retina at 3 weeks when imaged with confocal microscopy, but the ranibizumab signal was still present in the vitreous humor at 3 weeks and was not lost until 4 weeks. Therefore, the appearance and disappearance of ranibizumab in the retina occurred 1 week before that in the vitreous humor. Second, ELISA signal was much higher in the vitreous than in the aqueous since its detection by ELISA at 2 weeks (Figure 2 ). Third, confocal microscopy for the topical group disclosed a more intense staining in the outer retina than in the inner retina at 1 week, and by 2 weeks, the confocal microscopy-staining pattern became more diffuse throughout the retina with a more intense signal in the inner retina than at 1 week (Figure 1, middle row) . All these findings do not support an antero-posterior entry route into the eye, but rather suggest that The bottom graph shows the ELISA results for ranibizumab detection. No significant ranibizumab levels were detectable in the aqueous or vitreous at any time point. Low levels of ranibizumab were detected in the serum by 3 days and seen at varying low levels at later time points. Antibodies against ranibizumab were first detectable at 2 weeks and their level remained high for the duration of the experiment. OD denotes right eye, OS denotes left eye, AC denotes anterior chamber, VC denotes vitreous chamber, and bid denotes twice a day ranibizumab drops. Scale bar, 100 mm.
ranibizumab was gradually building up in the eye cavity from posterior structures. This becomes even more evident by comparison to the staining pattern of the retina following intravitreal injection where the staining was more intense in the inner retina compared with the outer retina, particularly at the level of the ganglion cell and nerve fiver layers (Figure 1, top right panel) .
Delivery to the retina via systemic absorption is a remote possibility although ranibizumab was detected in the serum at low concentrations even in the BID topical application group. Systemic delivery is less likely because the levels remain lower in the blood than those found in the vitreous humor of the q2h treated rabbits. Moreover, a systemic route would be expected to yield similar staining patterns in both eyes, which was not the case in the study. However, the detection of ranibizumab in the serum of the treated rabbits raises concerns regarding the systemic safety of topical application in humans. Although this ultimately requires safety studies, the finding of higher levels of ranibizumab in the rabbit serum in the intravitreal group compared with that in the q2h topical group (Figures 2 and 4) suggests that the systemic safety profile following topical administration should not be drastically different from that following intravitreal injection.
Interestingly, at 2 weeks of q2h ranibizumab application to the right eye, ranibizumab was also detected in the vitreous humor of the left eye by ELISA (Figure 2) . It is believed that this finding reflects a mislabeled specimen because the optical density recorded from the left vitreous specimen was identical to that recorded from the right as Figure 2 indicates. It is also possible that this occurred through systemic absorption of ranibizumab into the serum, which was then delivered to the contralateral eye; however, the level of ranibizumab found in the left vitreous was far higher than levels found in the serum, making this less likely. Another possible explanation comes from previous studies that demonstrated accumulation of insulin and tropicamide in the contralateral eye in decapitated rats that involved a mechanism that does not involve systemic uptake. 18 It was hypothesized that there is a direct route of communication between the two eyes that is independent of systemic uptake. Ranibizumab may have reached the left eye in the rabbit treated for 2 weeks with q2h ranibizumab in a similar route.
The ranibizumab signal in the retina disappeared at 3 weeks despite continued q2h drop application. This may be partially explained by the formation of antibodies against ranibizumab in the rabbit. Antibodies against ranibizumab were first detected in the blood by ELISA at 2 weeks, and concentrations of these antibodies remained at high levels after this time period. This was not unexpected because ranibizumab is a humanized monoclonal antibody fragment to which the rabbit was expected to mount an immune response. Similarly, high levels of rabbit antibodies against ranibizumab were detected by ELISA in the rabbit serum in the intravitreal group. This also may suggest that both topically and intravitreally administered ranibizumab are associated with a similar systemic immune response in the rabbit, which further supports a similar systemic safety profile between the two methods of administration. This immune response by the rabbit was not associated with ocular manifestations detectable by the screening methods used. Only one of the rabbits in the intravitreal injection group developed a conjunctival reaction that was successfully treated with a short course of a steroid/antibiotic combination.
Decreasing the frequency of topical ranibizumab administration to twice and four times a day resulted in failure of ranibizumab to penetrate into the eye as evidenced by confocal and ELISA studies. Furthermore, Figure 4 CI images and ELISA of rabbits after intravitreal injection of ranibizumab to the right eye. After 4 weeks the intravitreal injection in the right eye, significant ranibizumab staining was noted in the retina of the right eye (top left panel) compared with the left eye (top right panel). On ELISA (bottom graph), high levels of ranibizumab were measurable at 3 days in the right eye in both the aqueous and vitreous fluid, the left eye aqueous fluid, and in the serum. Ranibizumab was no longer detectable in the left eye by 1 week and the signal in the right eye and serum decreased during the course of the 4-week experiments especially by 2 weeks following the injection. Beginning at 2 weeks, a high level of antibodies against ranibizumab was detected in the serum and remained high for the duration of the experiment. OD denotes right eye, OS denotes left eye, AC denotes anterior chamber, and VC denotes vitreous chamber. Scale bar, 100 mm.
repeat experiments showed variable results with q2h ranibizumab drops, suggesting that a frequent dosing regimen of q2h application is likely at the threshold of topical penetration, which may be related to the size of the ranibizumab molecule (48 kDa). Past studies have shown that molecules as large as 28 kDa applied topically are able to penetrate to the posterior segment, whereas whole antibody molecules (4149 kDa), such as Avastin, are not able to penetrate across the ocular surface when delivered topically. 10, 12 However, our findings are still promising because only small amounts of ranibizumab are likely required to have an inhibitory effect on VEGF activity. Previous studies indicate that only 11-27 ng/ml of ranibizumab is required to inhibit biological activity of VEGF by 50% in an in vitro cellular proliferation assay. A similar study demonstrated that a ranibizumab concentration as low as 120 ng/ml could inhibit VEGF activity. 19 Therefore, although topical administration of ranibizumab in its current formulation is unlikely a feasible therapeutic means in humans because very high frequency of topical administration was required to achieve ocular penetration in our study, future alterations in the molecule or alternative vehicles may increase its permeability.
Although topically applied ranibizumab may be at the threshold of penetration, our experiments support the current use of intravitreal ranibizumab and demonstrate robust ranibizumab signal within the vitreous and retina following intravitreal injection with persistent signal within the vitreous and retina 4 weeks after intravitreal injection. This is a similar pharmacokinetic profile to that seen in previous studies that evaluated intravitreal ranibizumab and found a t 1/2 of 2.88-3 days in monkeys and rabbits. [20] [21] [22] One caveat with the study is the usage of rabbit as an animal model. The rabbit eye has a vitreous volume of B1.5 ml (one third the volume in humans), a larger lens, and a less vascular retina compared with humans; therefore, the pharmacokinetics of topically applied ranibizumab may slightly differ between the rabbit and humans. However, there are three lines of evidence that suggest that our findings in the rabbit may be extrapolated to the human. First, the rabbit is an established and often used model to study the pharmacokinetics of ocular drugs, including ranibizumab, bevacizumab, and other molecules. [21] [22] [23] [24] [25] Second, the pharmacokinetics of intravitreally administered ranibizumab in the monkey is very similar to what was found in the rabbit, which further supports the rabbit as an animal model. 20 Third, the sclera of the rabbit has fairly similar permeability to the human sclera, which is also permeable to molecules with a molecular weight of 70 kDa, 16, 26 This last finding is especially pertinent to our study because we propose a trans-scleral route of penetration to the retina with topical ranibizumab.
Overall, our study provides evidence that topical ranibizumab in its current formulation may have the potential to penetrate into the eye, but appears to require an excessive frequency of administration that makes the topical route a less attractive option to pursue for the treatment of retinal vascular diseases such as diabetic macular edema and NVAMD in humans at this point. Further experiments are required to confirm the reproducibility of our findings, elucidate the frequency of ranibizumab drops required, and explore the route of entry to the retina. Perhaps future experiments will produce a vehicle or alteration in the molecule that will increase the permeability of topically administered ranibizumab, leading to a therapeutic alternative that efficiently penetrates the eye.
K Ranibizumab is very effective in the treatment of choroidal neovascularization in diseases such as age-related macular degeneration. Treatment with ranibizumab requires repeated intravitreal injections, which carries a potential risk of endophthalmitis. There is currently no effective topical medication for the treatment of choroidal neovascularization.
What this study adds K Our study demonstrates that topical ranibizumab may be able to reach the retina with every 2 h topical administration in a rabbit model. There was no penetration of ranibizumab with twice a day or four times a day topical application.
